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The K48-linked polyubiquitin chains are important signals for proteasomal 
degradation and other biological processes. Their recognition of ubiquitin binding 
partners such as the UBA2 (ubiquitin associated domain 2) domain of hHR23a is via 
the canonical hydrophobic patch formed by L8, I44, and V70. In near physiological 
pH (pH 6.8), the K48-linked diubiquitin predominantly adopts the closed 
conformation in which the binding sites for ubiquitin-binding partners are buried in 
the inter-domain interface, and therefore are not available for binding. The K48-
  
linked diubiquitin also can adopt an open conformation at acidic pH. However, the 
mechanism of the transition between the open and closed states is poorly understood. 
This study is aimed at elucidating the driving force for the exchange between h  
open and closed conformations of K48-linked diubiquitin. Using different mutations 
of H68 in diubiquitin and NMR methods, I found that the protonation state of the 
histidine side chain is crucial for controlling the equilibrium between open and closed 
conformations. I also found that H68 is essential for maintaining the integrity of the  
inter-domain interface. I concluded that there are at least four interactions involved in 
controlling the transitions between open and closed states. These are point-to-point 
repulsion (strongest), point-to-bulk repulsion (medium), bulk-to-bulk repulsion 
(weakest), and hydrophobic interaction. Based on these results, I also proposed a re-
open state model for K48-linked diubiquitin which assumes that the closed 
conformation of Ub2 opens by twisting instead of directly pulling two domains away 
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Chapter 1: Introduction 
1.1 A brief history of ubiquitin  
The concept of protein turnover in cells was originally discovered by 
Schoenheimer and coworkers in 1942 about 70 years ago [7]. However, the ubiquitin 
proteasome system underlying this process remained unknown until 1978 when 
Hershko and coworkers studied a heat-stable protein (APF-1) required for an ATP-
dependent proteolytic system [8]. Ubiquitin, named after its nearly universal 
biological presence, is an 8.5 kDa protein originally identified as a thymus hormone 
in 1975. In 1980 Hershko and Irwin Rose verified that ubiquitin is covalently ligated 
to protein substrates in an ATP-dependent reaction [9, 10]. For “the discovery of 
ubiquitin-mediated protein degradation,” Hershko, Ciechanover, and Rose were 
awarded the 2004 Nobel Prize in chemistry. Since its discovery, the field of ubiquitin 
biology has grown considerably mainly due to the multiple signaling properties of 
ubiquitin. 
 
1.2 The ubiquitination process and its outcomes 
Ubiquitin (Ub) is a 76 residue protein that is highly conserved across all 
eukaryotes from yeast to humans with over 95% sequence identity.  At some point in 
their life time most cellular proteins in eukaryotes are post-translationally modified 
by the addition of one or more ubiquitin(s) by the action of the E1, E2, and E3 
enzyme cascade [11-14] (discussed in the next section).  It is also important to note 




(DUBs) [15-17], can remove all or part of the ubiquitin modification.  The ubiquitin 
modification is essential for cell survival and has been found in many important 
biological pathways, such as heat-shock response, DNA repair, mitosis, histone 
modification, and the immune system.  Disruptions in ubiquitination have been 
implicated in many major human diseases.  The most notable diseases are the 
neurodegenerative diseases (Alzheimer’s & Parkinson’s) and cancers.   
 
1.3 Ubiquitination process  
Ubiquitination results in the formation of an isopeptide bond between the 
carboxylic group of Gly76 and the ε-amino group of a Lys residue. This reaction is 
completed by the sequential actions of three enzymes (shown in Fig 1.3.1). First, 
ubiquitin-activating enzymes (E1s) use energy from ATP hydrolysis to form a 
thioester between the thiol group of the E1 active site cysteine and the carboxyl group 
of ubiquitin’s  G76. Second, ubiquitin is transferred to the ubiqituin-conjugating 
enzyme (E2) from E1 by transacylation to an active site cysteine in the E2 [11-14]. 
Last, ubiquitin ligase (E3) transfers the activated ubiquitin from the E2 to the
substrate’s lysine residue [18]. Once one ubiquitin is added to the lysine of a 
“substrate” protein, subsequent ubiquitins can be added at one of eight positions on 




Fig 1.3.1 Ubiquitination of substrate occurs in a series of transthioesterification reactions. For HECT E3s, 




It has been shown that different ubiquitin-ubiquitin linkages in polyubiquitin 
chains produce distinct signaling outcomes, mainly attributed to the different 
conformations the chains can adopt.  Eight ubiquitin-ubiquitin linkages through K6, 
K11, K27, K29, K33, K48, K63, and the N-terminal amine group of M1 [19, 20] have 
been found in nature.  Depending on the linkage, the signaling outcome can be very 
different. For example, the K48-linked polyubiquitin chains are involved in 
proteasomal degradation; while the K63-linked polyubiquitin chains are involved in 
DNA repair [21-27]. 
 
1.4 The Proteasome 
1.4.1 The proteasome and its function 
The K48-linked polyubiquitinated substrates are recognized by receptors on the 
regulatory particle (RP) in proteasome and degraded by catalytic/core particle (CP) in 
the proteasome. The proteasome is a giant multi-subunit complex (over 2.5 MDa) for 
degrading proteins, such as misfolded proteins. The proteasome is an ATP-dependent 
and ubiquitin-dependent protease found in eukaryotic cytoplasm and nuclei. Its 
primary function is to degrade proteins that have been ubiquitinated by a cascade of 
enzymes known as E1, E2, and E3 enzymes [11-14]. The polyubiquitin chain is 
attached to a substrate via its carboxyl group of C-terminal glycine to an amine group 
of lysine side chain of the target protein. The ubiquitin-proteasome system (UPS) is 
the major cytosolic proteolytic system in eukaryotes. Unlike typical proteases which 




feature results from its compartmentalized structure and substrate translocation 
mechanism. Processive protein degradation avoids generating truncated products 
which may compromise important cell functions. The proteasome does not degrade 
proteins to single amino acid [28]. Actually, the substrates are degraded into a 
heterogeneous mixture of peptides [29] which also can be used as raw material for 
adaptive cell-mediated immunity. For example, the degraded peptide products can be 
docked onto the major histo-compatibility (MHC) class I molecule, routed to the cell 
surface and recognized by cytotoxic T lymphocytes through epitope-specific T ell 
receptors. The UPS is involved in many critical functions in the cell such as ell cycle 
control, apoptosis, inflammation, transcription, signal transduction, and many other 
processes.  
 
1.4.2 19S and 20S subunits of proteasome 
The proteasome is composed of two major assemblies, the 20S and 19S subunits. 
The 20S subunit, also known as core or catalytic particle (CP), is a barrel-like 
structure whose 28 subunits are arranged in four heteroheptameric rings [30] (as 
shown in Fig1.4.1). Each inner ring is formed by β-type subunits. Three of them are 
proteolytic (β1, β2, and β5) which can cleave a broad range of peptide sequences. 
Because the active sites face the interior space of the CP, the substrates must be 
directed into this space for degradation. Each outer ring is composed of 7 α-type 
subunits which create a series of seven pockets on the regulatory particle (RP). These 














The substrate entry is controlled by the 19S subunit, also known as RP, which 
consists of 19 subunits. The 19S is docked on the cylinder end of the 20S [34] and 
creates a channel located centrally within the cylinder end. The 19S subunit not only 
opens a substrate translocation channel into the 20S but also guides substrates into 
this channel. The RP has also been further subdivided into the lid and base assemblie  
[35].  
The ten components of the base are six ATPases, two scaffolding proteins (Rpn1 
and Rpn2) and two polyubiquitin receptors (Rpn10 and Rpn13) [36-44]. The base is 
critical for RP-CP complex formation, as the C-termini of the base insert i to the 
above-described α-subunit pockets on the CP [31-33]. The hexameric ATPase ring 
directs substrate unfolding and translocation into the CP [31-33, 45-48]. In addition, 
this ring also mediates opening of the CP gate. 
There are 9 subunits in the RP lid. Rpn11 has DUB (deubiquitinating enzyme) 
activity which is critical for proteasome function [49-52]. Before being degraded, th  
Fig 1.4.1 Structure of the 26S proteasome. The 26S proteasome c posed of the core 20S catalytic particle (CP) 
and the 19S regulatory particle (RP). The substrate is bound via its polyubiquitin tag, to specific subunits in the 19S 
RP. The substrate is unfolded by ATPases in the basof the RP (the RPT ring) and then inserted its unfolded C-
terminus via an open channel in the α-ring of the 20S CP into the proteolytic chamber. The RP also contains 




polyubiquitin chain is removed from substrates. This step in degradation is mediated 
primarily by Rpn11. Rpn11 removes polyubiquitin chains by cleaving the chains from 
proximal end of polyubiquitin chain [52]. The DUB activity of Rpn11 is ATP 
dependent and is coupled to substrate degradation. The proteasome also can recruit 
two nonessential DUBs, Uch37 and Usp14 (Ubp6 in yeast). 
 
1.4.3 The recognition of polyubiquitin by the proteasome 
There are five currently known conserved ubiquitin receptors associated with the 
proteasome. Rpn10 and Rpn13 are components of the proteasome. Rpn10 (22) 
recognizes ubiquitin through ubiquitin-interacting motifs (UIMs) consisting of a 
single α-helix [53]. Rpn13 binds ubiquitin via a pleckstrin homology domain known 
as the pleckstrin-like receptor for ubiquitin (Pru) domain. On the other hand, Rad23, 
Dsk2, and Ddi1 are “shuttle proteins” which are not subunits of the proteasome. The 
shuttle proteins bind the proteasome through their UBL (ubiquitin-like) domain and 
simultaneously interact with ubiquitin through an UBA (ubiquitin-associated) domain 
containing a bundle of three α-helices.  
 
1.5 Functions related to proteasomal degradation  
1.5.1 Cell cycle 
As a molecular signal, ubiquitin is involved in many biological events, such as 




negative regulators of the cell cycle, such as cyclins and inhibitors of cyclin-
dependent kinases (CDKs), are crucial during cell cycle transitions. These regulators 
are also controlled by ubiquitination-induced degradation [54]. The eukaryotic cell 
cycle is driven by the various CDKs. The activities of CDKs are regulated by 
production and degradation of positive (cyclin) and negative (CDK inhibitors) 
regulatory subunits and by reversible phosphorylation. For example, the cyclins, 
which are specific for the G1 phase of the cell cycle, could accumulate and activate 
the corresponding CDKs during G1 phase. During the transition from G1 to S phase, 
the G1-specific cyclins will be targeted by their corresponding E3 ubiquitin ligases 
for degradation.  
 
1.5.2 ERAD (endoplasmic reticulum associated degradation) pathway 
The endoplasmic reticulum (ER) has two parts. The rough ER has many 
ribosomes to create proteins for the cell which are either used in the ER or sent to the 
Golgi apparatus for transportation. One of the functions of smooth ER is to remove 
toxins from the cell. In the ER quality control, the mutated proteins that misfold are 
targeted for degradation. A K48-linked polyUb chain will be attached to these 
abnormal proteins by the corresponding E3 ubiquitin ligase so that they can be 
degraded by proteasome. Not only abnormal proteins but also normal proteins such as 
3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA) reductase, which catalyzes 
the committed step in cholesterol biosynthesis, in the ER are also degraded vi ERAD 





1.5.3 Control of transcription  
The UPS regulates transcription in different ways (reviewed  in [57]) which can 
be categorized into degradative and nondegradative mechanisms. Although 
proteasomal degradation is largely distinct from transcription, the two processes are 
closely connected. Ubiquitin or small Ub-like modifier (SUMO) regulates 
transcription by controlling the nuclear localization and levels of transciptional 
activators such as NF-κB and p53. The NF-κB (nuclear factor κB) transcription factor 
functions as a dimer of NF-κB proteins. Under the non-stimulated condition, NF-κB 
proteins are hetero-dimerized into an inactive form by their inhibitor IκB (inhibitory 
κB). IκB holds NF-κB proteins in the cytoplasm. Cell stimulation can activate IKK 
(IκB kinase). Once IκB is phosphorylated by IKK, the phosphorylated IκB can then 
be ubiquitinated by an E3 ubiquitin ligase and degraded by proteasome. In this way, 
NF-κB is released and can enter the nucleus where it regulates the transcription of 
different classes of genes.  
 
1.6 Non-proteolytic roles of Ubiquitin 
The proteolytic roles of K48-linked polyUb chains are described in section 1.5. 
There are several new non-proteolytic roles of Ub that have been discovered. Non-
proteolytic pathways are signaled by modification of a protein with a mono-Ub r 
K63-linked polyUb chain. This suggests that the fates of the substrate protein are 





1.6.1 DNA Repair  
It is essential for cell to control DNA damage caused by endogenous and 
environmental agents to maintain the integrity of genome. Most DNA lesions can be 
removed by base excision repair and nucleotide excision repair mechanisms before 
DNA replication. If these pathways fail to remove the lesion before the S phase
(DNA synthesis phase), replication forks accumulating at the sites of DNA damage 
will activate post-replication DNA repair pathways which allow DNA synthesis to 
restart without removing the lesion. Post-replicative repair pathways can occur 
through either ‘error-free’ mode that continues by a template switching process 
involving the undamaged sister chromatid, or by ‘error prone’ mode that proceeds by 
recruiting specialized DNA polymerases that read through the site of DNA lesion [58]. 
There are several genes required for post-replicative repair pathways such as Rad6, 
Rad18, Rad5, MMS2, and UBC13. Rad6 itself is an ubiquitin E2 conjugating enzyme 
whereas Mms2 and Ubc13 function as an E2 in a heterodimer to synthesize of K63-
linked polyUb chains. Rad18 and Rad5 are ssDNA (single strand DNA) binding 
proteins proposed to function as E3 ligases because of the presence of signature 
RING finger domains. Ubiquitination of proliferating cell nuclear antigen (PCNA) is 
shown to be induced by DNA damage. PCNA is a trimeric ring-shaped complex that 
encircles DNA and functions as a sliding clamp and interacting factor for DNA 
polymerases. The ‘error-free’ mode is initiated by K63-linked polyubiquitinatio  of 
PCNA via K164 of PCNA. On the other hand, the ‘error-prone’ mode initiated by 





Protein trafficking : Ub is involved in several protein trafficking systems such 
as transporting proteins from the plasma membrane and the trans-Golgi network to 
the endosomal compartments [59]. Ub was also found to play an important role in 
sorting proteins to multivesicular bodies and the lysosomal compartments. 
Furthermore, the receptors on plasma membranes such as the G-protein coupled 
receptors and the epidermal growth factor (EGF) receptor require ubiquitination of 
these receptors for internalization.  Although the role of Ub in the endocytic pathway 
is not yet fully understood, it has been suggested that the ubiquitinated transporting 
proteins could bind epsins (one of ubiquitin-binding proteins) through their UIM (Ub-
interacting motif) and UBA (Ub-associated) domains. Epsins subsequently interact 
with the components of the endocytic machinery such as clathrin which would lead to 
the formation of multi-protein complexes required for efficient internalization of the 
membrane receptors. 
  
Histone ubiquitination [22, 60-63]: Although core histones (such as H2A, H2B, 
and H3) and the linker histone (H1) were found to be monoubiquitylated, studies of 
histone ubiquitination were not prevailing because of the irrelevance to protein 
degradation. The finding that H2B is the only ubiquitinated histone in budding yeast 
made studies of genetics on histone ubiquitination more tractable. The C-terminus of 
H2B has been found to be monoubiquitylated at K123 residue. This part of C-
terminus of H2B in yeast sticking out from the nucloesome makes it accessible for 
DNA and regulatory factors. The ubiquitination of H2A and H2B has been found to 




also dependent on ubiquitination of H2B. Although the mechanism of ubiquitination-
induced gene expression is not yet clearly understood, the methylations of histone H3 
at K4 and K79 residues have been shown to play key roles in the regulation of gene 
expression.  
 
1.7 Biological NMR techniques 
1.7.1 The advantages of NMR techniques for biology studies 
Nuclear magnetic resonance (NMR) spectroscopy is a very powerful 
technique that can be used for structure determination, molecular dynamics, and 
chemical kinetics. NMR can also be used to determine the structures of proteins in 
solution at atomic resolution that are as accurate as those determined by X-ray 
diffraction. Although protein structure determination by NMR is generally limited by 
size (to molecular weights less than 40-60 kDa) due to the spectral overcrowding an  
the intrinsically slow tumbling rate of large proteins, NMR techniques provide an 
alternative method for structure determination, which can help overcome some of 
common limitations of X-ray crystallography such as that the protein cannot be 
crystallized, or that there is concern that crystal packing has distorted he true 
structure in solution. 
NMR spectroscopy can also be used to detect motion and dynamics in 
proteins. Other methods, like fluorescence spectroscopy, are restricted by he number 
of sites that can be probed and the limited time scale. The NMR resonance signals 




dynamics. Furthermore, it is possible to characterize the dynamic properties over a 
wide range of time scales (from seconds to picoseconds) as illustrated in Fig 1.7.1. 
NMR is also useful in probing molecular interactions, such as protein-drug or protein-
protein interactions. The binding site can be mapped by monitoring changes in NMR 
signals that occur for atoms involved in the interaction. In addition, the equilibrium 







   
 
1.7.2 The need for stable isotope labeling of protein for NMR studies  
Proteins are mainly composed of hydrogen, carbon, nitrogen, oxygen, and 
sulfur atoms. In general, the useful NMR nuclei have spin quantum number I = 1/2 
such as 15N, 13C, and 1H, however the natural abundance of these isotope are 0.37%, 
1.108% and 99.985% respectively. Although 14N (natural abundance ~99%) and 2H 
are NMR-active, they are quadrupolar nuclei (I = 1) and need to be treated differently 
from spin 1/2 nuclei. Multi-dimensional NMR was a new major development of 
NMR techniques recently. There are thousands of hydrogens in an average protein 
and their signals span a relatively small range of about 12 ppm. In order to distinguish 
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Fig 1.7.1 The time scale of motions in proteins are indicated b low the axis and NMR techniques that can be usedto 




signals from individual protons, multidimensional NMR experiments have to be 
introduced such as 15N-1H HSQC (Heteronuclear Single Quantum Coherence) 
experiment. In order to acquire heteronuclear multi-dimensional NMR spectrum, 
proteins need to be 15N and/or 13C enriched by growing cells in minimal medium with 
corresponding isotope source. In this way, the protein can be uniformly labeled with 
15N (using 15NH4Cl as the sole source of nitrogen) and/or 
13C (using 13C labeled 
glucose as the sole source of carbon). 
 
1.7.3 Applications of NMR methods to my research 
Each signal in 1H-15N HSQC spectrum is a probe of N-H functional group in a 
protein. Every residue in a protein shows as a single signal in HSQC spectrum xcept 
prolines (no amide proton in the backbone for proline) and the first N-terminal 
residue (the amide proton exchanges rapidly with solvent). These amide signals are so 
sensitive to changes in local environment (such as hydrogen bonding, structural 
rearrangements, protein-ligand binding) around their nuclei that they can be used as 
reporters to pin-point the affected residues. In my research, I mapped the 
perturbations in chemical shift for each amide residue between the spectrum of 15N-
labeled Ub1 and half-labeled Ub2 (only one of the two domains is 
15N-labeled at a 
time). The hydrophobic patch on ubiquitin surface is composed of L8, I44, and V70. 
Almost all ubiquitin binding partners bind ubiquitin through this canonical 
hydrophobic patch.  If the Ub2 adopts closed conformation in which there is an inter-
domain interface, the hydrophobic patch residues in the inter-domain interface will 




other hand, if the Ub2 adopts an open conformation in which there is no inter-domain 
interface, the spectra of Ub2 will show no perturbations for those inter-domain 
residues when compared to the spectra of Ub1.  
 I also performed spin relaxation NMR experiments (R1, R2) to study the 
dynamics of each residue in Ub2 H68Y mutant at pH 6.8 (at this condition wild type 
Ub2 adopts the closed conformation) and 4.5 (at this condition the wild type Ub2 
adopts an open conformation). The residual dipolar coupling (RDC) NMR 
experiments allowed me to calculate structural models of a Ub2 mutant adopting a 
closed conformation at acidic pH with high salt. I will describe spin relaxation NMR 
and RDC experiments in more detail in chapter 3 materials and methods. 
 
1.8 Specific aims 
Although it had been shown that K48-linked Ub2 binds to its binding partners, 
such as UBA2, in a sandwich-like mode at neutral pH [6], how UBA2 gets into the 
binding site of Ub2 remains unknown. Most of K48-linked Ub2 adopt closed 
conformation at neutral pH. The only way for UBA2 to bind K48-linked Ub2 is 
through the open state of K48-linked Ub2. I will test if the open conformation of K48-
linked Ub2 binds to UBA2 at acidic pH. I will perform titration of Ub2/UBA2 and 
monitor it by NMR at acidic pH. The results and discussion are in chapter 4. 
The K48-linked polyubiquitin chains are important signals for proteasomal 
degradation, and their recognition of ubiquitin binding partners is through the 
canonical hydrophobic patch formed by L8, I44, and V70. The K48-linked Ub2 




conditions, respectively. However, the mechanism of exchange between the open and 
closed conformations is still unknown. One of my aims is to study what is the driving 
force for opening the closed conformation. I introduced H68A, H68V, H68L, H68F 
and H68Y mutations in both ubiquitin domains of K48-linked Ub2. The results and 
discussion are in chapter 5. 
Many hypotheses proposed that ubiquitination promotes substrate unfolding, 
but experimental evidences are not clear. One of my aims is to use K48-linked Ub2 as
a model to test if the ubiquitination will undermine the stability of substrate by using 
NMR to monitor the H/D (Hydrogen/Deuterium) exchange rate. The result and 
discussion are in chapter 6. 
 The studies of free ubiquitin chains were done extensively but the study of 
K48-linked Ub2 in an anchored form were neglected. One of my aims is to study the 
dynamics of K48-linked Ub2 in an anchored form. I used ubiquitin mutant (L8A and 
I44A) as substrate because ubiquitin with simultaneous L8A and I44A mutations does 
not interact/form interface with another ubiquitin in an ubiquitin chain. The detail of 






2.1 Structures of Ub1
2.1.1 Structures of Ub
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Fig 2.1 The structure of PDB: 1D3Z
hydrophobic patches (L8, I44 ad V70), K48
lysine residues on ubiquitin surface.
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 is shown in green. In (A) The residues show in red, orange or purple are 


















2.1.2 Structures of K48-linked Ub2  
In solution, the K48-linked Ub2 can adopt closed and open conformations at 
neutral and acidic pH, respectively, based on NMR data as shown in Fig 2.2 [1]. The 
X-ray crystal structure of Ub2 (PDB: 1AAR) shown in Fig 2.3 (A) is in the closed 
state and this structure agrees well with the NMR data at neutral pH. This closed state 
structure provides a clear picture to understand the properties of Ub2. The closed 
conformation of Ub2 is an approximately 2-fold symmetric structure. The inter-
domain interface is formed by the hydrophobic surface of each domain of Ub2. The 
residues in the canonical hydrophobic patch (L8, I44, and V70) are buried at the 
interface, and hence not available for direct interactions with ubiquitin binding 
proteins. If this closed state, which is the predominant state in solution at neutral pH, 
the interaction between Ub2 and ubiquitin-binding proteins will be hampered since 
the hydrophobic patches are sequestered. In fact, the open and closed conformations 
coexist and inter-convert in solution. Based on NMR data, 15% or less of Ub2 adopts 
the open conformation at pH 6.8 [1]. 
Ironically, the crystal structure of the Ub2 open conformation (PDB: 3NS8)[4], 
shown in Fig 2.3 (B), was obtained at pH 7.5 whereas the crystal structure of the Ub2 
closed conformation structure (PDB: 1AAR), shown in Fig 2.3 (A), was obtained at 
acidic pH (~4.5). Unlike the closed conformation, residues in the hydrophobic patch 
are exposed to solvent in the structure of the open conformation so that they are 





























Fig 2.2 The CSPs in wild type 
(c), (d). the Y axis represents 
taken from [1]. 
 
Fig 2.3 The Ub2 structure of closed and open 
structures of  PDB:1AAR and 3NS8
colored in red. 
(A) 
18 
Ub2 compared to Ub1 at pH 4.5 shown in (a), (b) and pH 6.8 shown in 
combined amide CSP. X axis represents residue number. Th  figure was 
conformations shown in (A) and (B) respectively. (A) and 
, respectively. The residue H68 is colored in purple and the hydrophobic patch is 
(B) 




2.2 The interaction of K48-linked Ub2 and UBA2 at pH 6.8 
 K48-linked polyUb is an important signal for proteasomal degradation. It is 
believed that different linkages carry different signals. Some ubiquitin binding 
proteins are linkage specific, the documented examples include the selectivity of 
UBA2 of hHR23a for K48-linked polyUb [6] and the selectivity of the Rap80 for 
K63-linked polyUb [66]. UBA2 recognizes K48-linked polyUb chains in a 
“sandwich-like” binding mode. The dissociation constant Kd decreases from 
400100 uM (for Ub1 and K63-linked Ub2) to 187 uM (for K48-linked Ub2) with 
the sandwich-like binding mode which is only available for K48-linked Ub2. There 
are several important features of “the sandwich-like” binding mode. For example, the 
Ub-Ub linker region is involved in binding and the distal domain of Ub2 shows a “lag 
phase” in binding for [UBA2]:[Ub2] molar ratios less than 1. For UBA2, the 
sandwich like binding mode is clearly showed by the fact that the signals from two 






Fig 2.4 (A) represents the NMR-based structure model of UBA2 complex with K48-linked Ub2 (PDB: 
1ZO6) showing the sandwich-like binding mode. (B) represents the binding between Ub1 and UBA2. The 





Chapter 3: Methods 
3.1 Protein expression and purification  
3.1.1 Plasmid constructs, growth media and conditions 
Plasmid constructs of all proteins used in this study were transformed into 
E.coli BL21(DE3) cells by heat shock. The plasmid constructs of K48R and D77 
ubiquitin mutants (pET3a) and UBA2 (pGEX4-T2) were generously provided by Prof. 
Cecile Pickart (Johns Hopkins University). The additional H68A, H68V, H68L, H68F 
and H68Y mutations were introduced into K48R and D77 ubiquitin plasmid 
constructs separately by using Stratagene QuikChange™ Site-Directed Mutagenesis 
Kit. The final DNA plasmid construct of K48R+H68A, H68A+D77, K48R+H68V, 
H68V+D77, K48R+H68L, H68L+D77,  K48R+H68F, H68F+D77, K48R+H68Y and 
H68Y+D77 were transformed separately into BL21(DE3) .coli cells for protein 
over-expression. 
Each 5mL starter culture with corresponding antibiotics was grown for 6-8 
hours at 37oC to an O.D. 600 (optical density at 600nm wavelength) ~0.6 using single 
isolated colony from a fresh plate with the corresponding antibiotics. Cell culture for 
unlabelled protein was grown in the auto-inducing ZYP-5052 medium (contain 5g 
glycerol, 0.5g glucose(dextrose), 2g lactose, 10g tryptone, 5g yeast extract, 1mL of 
1M MgSO4•7H2O, 3.3g (NH4)2SO4, 6.8g KH2PO4, 7.1g Na2HPO4 per liter medium, 
pH adjusted by NaOH to 7.4 ) supplemented with ampicillin (100mg/L) and 
chloramphenicol (50 mg/L) at 37oC in a shaker incubator with continuous agitation at 




were grown in ZYP-5052 medium replacing (NH4)2SO4 with 
15NH4Cl (1 g/liter 
medium) and 2.84g Na2SO4, such that 
15NH4Cl provided the sole source of Nitrogen 
in the medium.  
3.1.2 Purification of Ubiquitin 
All cell pellets were frozen at –80 o C for at least 30 minutes prior to lysis. 
Cells were resuspended in 30 mL lysis buffer (50 mM Tris pH 7.6, 0.02% Triton 
x100, 0.4 mg/mL lysozyme, protease inhibitors: 1 mM PMSF, 50 µM TLCK, 5 
µg/mL soybean trypsin inhibitor, 2.5 µg/mL leupeptin, 20 µg/mL DNaseI and 10 mM 
MgCl2 were added to breakdown DNA) by pipetting the lysis buffer up and down. 
The cell suspension was centrifuged at 25,000 rpm for 25 minutes in an 
ultracentrifuge with a 45 Ti rotor. The supernatant was transferred to a 50 mL beaker 
on ice and stirred. 1~2% (v/v) undiluted 70% perchloric acid was added drop by drop 
to the supernatant. Most proteins except ubiquitin and lysozyme precipitated at this 
step. The milky solution was then ultra-centrifuged again at 25,000 rpm for 25 
minutes in an ultracentrifuge with a 45 Ti rotor. The supernatant was dialyzed 
overnight at 4oC in 3 kDa MWCO (Molecular Weight Cut Off) dialysis tubing against 
2 liters 50 mM ammonium acetate buffer at pH 4.5 overnight. The dialyzed sample 
was filtered by 0.45 uM syringe filter and then subjected to be purified by cation 
exchange chromatography on a 5 mL SP sepharose Fast Flow column (GE 
Healthcare). The column was pre-equilibrated with 50 mM ammonium acetate, pH 
4.5, and ubiquitin was purified using a salt gradient (0%~20%B in 10 column 
volumes; the 1 mL/min flow rate; buffer A is 50 mM ammonium acetate and buffer B 




other mutants were eluted around 14% buffer B. The purified protein was checked on 
a 15% sodium dodecyl sulfate (SDS) gel and concentrated using Amicon UF-4 
centrifugal filter device with MWCO = 3 kDa  and exchanged into the buffer (20mM 
sodium phosphate pH 6.8) used for most NMR experiments. Protein concentrations 
were determined by the absorbance at 280 nm (ε=0.16 and 0.32 for 1 mg/mL for wild 
type and H68Y ubiquitin variant respectively) [67]. 
 
3.1.3 Synthesis and separation of Ub2 chains 
The segmental isotope labeling method was described by Pickart, C. M. [68]. I 
took advantage of ubiquitin K48R and D77 mutants served as blocks on distal and 
proximal domain of Ub2 respectively to prevent from further elongation. K48-linked 
Ub2 were synthesized through the E1/E2 reaction (1mM of each ubiquitin mutant, 2 
mM ATP, 1 mM TCEP-HCl, 150 nM E1, 25 uM E2-25K and protein break down 
mix) in 50 mM Tris pH 8.0 buffer was incubated at 37°C for 4 hrs or 30°C overnight, 
I found that 30°C had a better yield. Protein break down mix (PBDM), an ATP 
regenerating system buffer, is composed of 5mM MgCl2, 10 mM Creatine Phosphate, 



















Ub2 was then separated from Ub1 using gel filtration column chromatography 
with 20 mM phosphate buffer at pH 6.8. Pure Ub2 fractions were collected and 
verified by SDS-PAGE. If size exclusion column chromatography was not available, 
I separate Ub2 from Ub1 using a cation exchange column with step-gradient (Step I: 
0%~15%B in 5 column volumes, Step II: 15%B for 5 column volumes, Step III: 
15%~30% in 10 column volumes, buffer A and Buffer are the same as previously 
mentioned). Ub2 usually is eluted in step III around 25~30%B.  
 
3.1.4 Purification of UBA2 of hHR23a and E2-25K 
Plasmids for GST-E2-25K (glutatione S-transferase-fused ubiquitin-
conjugating enzyme E2-25K) and GST-UBA2 were generously provided by Prof. 
Cecile Pickart (Johns Hopkins University). E2-25k and UBA2 domain of hHR23A 
were expressed as GST-fused proteins in the media described above. Cell lysis was 

















E1, E2, ATP, Mg2+ 
E1, E2, ATP, Mg2+ 
Fig 3.1.3 is the scheme which shows how the selective labeling on Ub2 is achieved. The ubiquitins colored in green are 
15N enriched ubiquitin (15N labeled) whereas the ubiquitins colored in white ar  14N enriched ubiquitin (unlabeled). The 
carboxyl group of G76 from distal domain ubiquitin forms and isopeptide bond with the side chain of K48 from proximal 
domain ubiquitin by the help of E1, E2, ATP and cofactor Mg2+. The K48R and D77 mutations serve as the blocks to 




Dnase I. The lysate was centrifuged and the soluble extract was filtered and loaded 
onto glutathione sepharose column pre-equilibrated with PBS buffer, pH 7.4. The 
unbound proteins were washed out with 6-8 column volumes of PBS buffer, and the 
fusion protein was eluted with 50 mM Tris pH 8.0, 10mM glutathione. GST-E2 was 
used as a fusion protein; however, the GST tag of UBA2 was cleaved using thrombin 
and separated UBA2 from GST tag protein by size exclusion column. The purity of 
the proteins was checked on 15% SDS polyacrylamide gels; GST-E2-25K and UBA2 
were also concentrated using Amicon UF-4 centrifugal filter device and exchanged 
into their storage buffers (50 mM Tris pH 8.0 for GST-E2-25K, 20 mM phosphate pH 
6.8 for UBA2). The protein concentrations were determined by absorbance at 280nm 
(for 1mg/mL concentrations, for UBA2 ε=0.198, ε=1.7 for GST-E2-25k). 
 
3.1.5 Expression and Purification of E1 
The plasmid construct of E1 used in ubiquitin dimer reactions was a gift from 
Prof. Cynthia Wolberger (Johns Hopkins University). The cells were streaked on a 
plate containing the antibiotics kanamycin (50 ug/mL, this antibiotic resistance is 
from the construct which is in pET28 vector) and chloramphenicol (50 ug/mL, this 
antibiotic resistance is from the Rosetta cells) and incubated at 37°C overnight. A 
single colony was inoculated in 5 mL LB as starter culture and incubated at 37°C 
overnight (~12 hrs). The starters were then transferred to a freshly prepared 1 L LB 
medium (pH 7.4 is adjusted by NaOH) and incubated at 37°C until O.D =~ 0.8. The 
culture was then induced with 1 mM IPTG at 20°C overnight. The cells were 




was purified by using a nickel sepharose column. The purified E1 fraction was 
concentrated and exchange into 50 mM Tris pH 8.0 using an Amicon UF-4 
centrifugal filter device.  
 
3.2 NMR Methods 
All NMR experiments were performed using standard pulse sequences on a 
Bruker 600 MHz spectrometer equipped with a cyroprobe. The sample temperature 
was 23oC. 1H-15N correlation spectra such as SOFAST HMQC, spin relaxation 
experiments were acquired with the spectral widths of 7800 Hz and 2100 Hz for the 
1H and 15N dimensions, respectively. A total of 256 t1 increments were collected with 
2048 complex points in each. The spectra were processed using TopSpin (Bruker 
Biospin). 
 
3.2.1 Chemical shift perturbation (CSP) surface mapping 
The chemical shift perturbation surface mapping was used to map the 
interfaces between Ub domains of Ub2. Backbone amide resonances in Ub1and 
individual Ub domains of Ub2 were observed using 
1H-15N SOFAST HMQC. The 
combined amide CSP (chemical shift perturbation), ∆δNH, was calculated by eq 1.  
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in eq (1), the δ .,. and δ
 .,. are the chemical shift (in proton and nitrogen 
respectively) of a signal in SOFAST HMQC spectra. The unit for combined amide 
CSP is ppm (part per million). The symbol of “Ub2(D),(P)” in the upper left corner 
stands for distal or proximal domain of Ub2. The symbol Ub1 in the upper left corner 
stands for monoubiquitin.  
The residues showing chemical shift perturbations are most likely to be 
involved in the formation of inter-domain interfaces in Ub2. Because the NMR 
resonance signal from a nuclei is very sensitive to any change of its local chemical 
environment (such as protein binding, structural rearrangement). The temperature and 
the condition of solvent such as pH and salt also should be tightly controlled since 
any change of these parameters would contribute to the CSP. Bar graphs for each 
mutant were plotted using combined amide CSPs as y axis and sequential numbers of 
protein residues as x axis. 
 
3.2.2 NMR pH titration experiments  
To determine the pKa of the histidine side chain of Ub1 and Ub2, the 
combined 1H-15N ∆δ
 was calculated using eq (2). δ and δ
 are nitrogen and proton 
chemical shift respectively at particular pH. In eq (3), “pH” stands for the pH 
condition of particular NMR sample. ρ012134256 indicates the fraction of protonated 
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In the determination of the pH at which 50% of Ub2 adopts open conformation, 
the combined CSP ∆δ
 between Ub2 and Ub1 at a particular pH was calculated 
using eq (4). δ!"& and δ,!"& are proton and nitrogen chemical shift respectively. ρ153 
is fraction of Ub2 at open state. The @CQ% STUV can be determined by fitting the pH 
and ρ153 to eq (5). 
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3.2.3 NMR titration of UBA2 (hHR23a) with Ub1 and Ub2 
For titrations performed at acidic pH, one of most difficult parts in this study 
is that the UBA2 is not stable (precipitates) at pH 4.5 at high protein concentration 
(2~5 mM). When the titration of 15N labeled Ub1 or Ub2 with unlabeled UBA2 was 
performed, the unlabeled UBA2 stock (2-5 mM) was prepared in 20 mM sodium 
phosphate buffer at pH 6.8. In total, 200 uL of UBA2 stock was added to the NMR 
sample of Ub1 or Ub2 which was prepared in 450 uL of 50 mM sodium acetate. A 
control experiment was performed (buffers contain no protein and ligand) to mimic 
the pH change upon adding 20 mM sodium phosphate to 50 mM sodium acetate to 
monitor any pH change upon titration. In this control experiment, verified by pH 
meter, the pH change upon adding 200 uL of 20 mM sodium phosphate buffer to 450 
uL of 50 mM sodium acetate solution was very limited (at most 0.1 pH unit). The 
NMR spectra of Ub before and after the addition of the same amount (200 uL) of 
phosphate buffer alone (without UBA2) were almost identical. These control NMR 
experiments ensured that the changes in the spectra in the course of titratins were not 
from the change in the buffer. In the titrations of 15N UBA2 with unlabeled Ub1 or 
Ub2, all protein samples and stocks were prepared in the same buffer (50 mM sodium 
acetate, pH 4.5). 
 Solution of 0.5-1 mM 15N labeled Ub2-distal and Ub2-proximal samples were 
titrated with increasing amounts of an unlabeled UBA2 solution. Reverse titrations 
with 15N labeled UBA2 and unlabeled Ub1 and Ub2 were also performed in same way. 
The NMR titration experiments were performed as a series of 1H-15N SOFAST 




through changes in the peak positions in the 1H-15N SOFAST HMQC spectra. 
Titrations were continued until no or very little chemical shift changes were obs rved. 
The binding affinities between UBA2 and Ub1/Ub2 were estimated from titration 
curves. The combined amide CSP ∆δ, at particular titration point can be calculated 
using eq (6). 
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Here δfully-bound and δfree are the chemical shifts corresponding to fully-bound 
(the end titration point) and free (no ligand added) states of the protein, respectively. 
δ  and δ,  are proton and nitrogen chemical shifts, respectively, at a particular 
titration point. Since the combined amide CSP, ∆δ,, of Ub2 proximal domain 
saturated at molar ratio = 1, it is reasonable to assume that the binding mode between 
UBA2 and Ub2 is a 1:1 binding mode.  In a 1:1 binding model,  
 





where [Pt] and [Lt] are the total molar concentrations of protein (
15N labeled Ub1, Ub2, 
or UBA2) and ligand (unlabeled  Ub1, Ub2, or UBA2) respectively. The Kd is the 
apparent dissociation constant which can be determined by fitting eq (7). Titration 
curves from residues showing a CSP of 0.1 ppm or greater were fit to q (7) using an 
in-house program KdFit written in MATLAB [69]. For protein surface mapping upon 
ligand binding, the same method in section 3.2.1 was also used to map interaction 
surfaces between the UBA2 domain of hHR23A and Ub (Ub1 and both distal and 
proximal domains of Ub2). CSP bar graphs were plotted using combined amide CSPs. 
The residues showing broadening are indicated by long grey bars in the graph. 
 
 
3.3 Introduction to RDC and Relaxation NMR experiments 
The structures of Ub2 and Ub4 obtained from X-ray crystallography showed 
that the polyUb can adopt different conformations. This suggested that polyubiquitin 
chains are so flexible that the conformations observed in crystals could represent 
some bias due to lattice forces (crystal packing force). The conformations observed in 
the crystal structures represent only a small subset (or snapshots) of all the 
conformations that the chains could adopt in solution. The polyUb chain can adopt at 
least two conformations in solution from previous studies [1]. A comparison of the 
available solution and crystal structures of Ub2 with Ub1 shows the overall fold of 
each domain of Ub2 is very similar to Ub1. The residues showing structural 




the proximal domain and the residues 72-76 in distal domain) and also those residues 
involved in forming inter-domain interactions if there are any.  
The conventional NMR methods to determine structures of multi-domain 
proteins like Ub2 or Ub4 rely on the short distance constraints from NOEs (< 5 Ǻ)
observed by NMR. Structure determination of polyUb by NOE constraints is time-
consuming. Two NMR approaches have been developed to provide long-range 
orientation information in large systems. It is reasonable to assume that there are no 
major structural rearrangements that occurred in both ubiquitin domains of Ub2 n the 
RDC and relaxation time scale. Compared to traditional, NOE-based method, RDC 
and spin-relaxation are fast and simple methods for the determination of the relativ  
orientation between distal and proximal domain. 
 
3.3.1 Residual Dipolar Coupling (RDC) 
The dipolar interaction between two nuclei in an external magnetic field is 
dependent on the angle of the inter-nuclear vector with respect to the external field. In 
isotropic solution, the protein tumbles freely so that the inter-nuclear vector in a 
protein samples all orientations with equal probability. Each dipolar interaction is 
averaged to zero in isotropic liquid. If the sampling of orientations is anisotropic, the 
protein will have some preferred orientations so that the dipolar interaction is not 
averaged to zero [40, 41]. In dilute liquid crystalline media (such as C12E5/hexanol), 
the measurable RDCs are about 0~25 Hz. The partial alignment of molecules in liquid 
crystals usually results from steric or electrostatic interactions between the molecules 




RDCs were measured in a weakly aligned liquid crystalline phase. The 2X 
stock of RDC medium was composed of 10% by weight polyethylene glycol PEG 
(C12E5) and n-hexanol (molar ratio 0.85). To prepare 150 uL 2X (10% Wt) RDC 
medium stock, 15 mg (mixture of PEG and hexanol) is required. PEG:12.0384 uL, 1-
n-hexanol: 4.18 uL, D2O: 10.5 uL [7%(v/v)D20], buffer: 124.5 uL are required to 
make 2X 150 uL RDC medium stock. The Ub2 samples were added to 2X RDC 
medium stock in a 1:1 ratio (by volume) such that the final medium was a 5% C12E5 
with 0.85 molar equivalents of n-hexanol [42]. The 15N-1H IPAP-HSQC experiments 
[43] are performed to measure 1H-15N couplings. Typically, 256 t1 increments were 
used. The RDCs were obtained from the difference in the 1H-15N couplings observed 
in the buffer with aligned medium (anisotropic) and normal buffer (isotropic phase). 
The RDCs of each domain were used as restraints in HADDOCK 2.1 [70] structural 
calculations. 
 
3.3.2 NMR Spin relaxation experiments (R1, R2) 
 If the magnetic moment is rotated into the plane (x-y) perpendicular (900) to 
the applied field by means of a radio frequency pulse, the net nuclear spin 
magnetization in the z-direction pqr will relax back to its equilibrium value (Mo). 
This longitudinal relaxation is given the relationship:  
 





The net spin polarization is in the x-y plane transverse to the magnetic field of the 
spectrometer. This transverse magnetic moment will begin to relax towrds zero 
because the precessing spins loose coherence with each other. This transverse 
relaxation is given by the relationship:   
 
pur  MQ cosωQt e-t#2 
p{r  MQ sinωQt e-t#2 
 
The unit for rate constant R is 1/second. 15N transverse and longitudinal (R1) 
relaxation rate constants (R1 and R2) were obtained by least-square fitting of peak 
intensities in the corresponding series of 2D spectra to a single exponential d cay.  
 
I2  IQe-t2 
 
where I(t) is the intensity of a peak at a particular time t; R is the relaxation rate 
constant (R1 or R2). I(0) is the intensity of a peak at time t = 0. The 2D planes for these 
15N relaxation experiments were acquired with the spectrum width 7.2 kHz and 2 kHz 
in the 1H and 15N dimensions respectively. For each 2D plane, 128 increments in 
nitrogen were collected. Each increment consists of 1024 complex points.  
15N longitudinal relaxation rates (R1) are sensitive to the overall tumbling rate. 
 




S2 is the order parameter and d2 is the dipolar contribution to R1.  is the overall 
tumbling time of the protein.  can be expressed by the Stokes-Einstein-Debye 
relationship, 
 
  ηVkT 
 
η is the viscosity of the medium and V is the volume which proportional to the 
molecular weight (MW) of the protein:  
V ρ  MW 




Chapter 4: Interaction between open state of Ub2 and UBA2 
4.1 Introduction 
At near physiological pH (pH 6.8), the predominant conformation of K48-linked 
Ub2 in solution is the closed conformation according to NMR studies [1]. The 
structures of Ub2 in the closed conformation were first solved by X-ray 
crystallography (PDB:1AAR shown in Fig 4.1(A)) and also supported by NMR data 
[1]. The closed conformation is stabilized mainly by the inter-domain interfac  
between distal and proximal domains [6]. This interface is mainly stabilized by the 
hydrophobic interaction between the hydrophobic patches (L8, I44, and V70) from 
both domains of Ub2.  Most ubiquitin interacting proteins bind to same hydrophobic 
patch. On the other hand, the predominant ensemble of Ub2 structures in solution at 
acidic pH (pH 4.5) are open conformations in which no non-covalent inter-domain 
interaction between the two domains in Ub2 was detected by NMR. The structures of 
Ub2 in the open state were recently solved by X-ray crystallography such as 
PDB:3NS8 shown in Fig 4.1(B) [4] and PDB:3AUL [71]. It is important to verify if 
the open state of Ub2 still preserves the ability to bind to ubiquitin interaction protein.  
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332) and the N-terminus of helix 3 (residues 348-352) – the “canonical” Ub-binding 
surface on the UBAs [6, 69, 76-78]. After the titration data from UBA2 is analyzed 
with a one-to-one binding model, the interaction between UBA2 and Ub1 is shown to 
be relatively weak (average Kd = 215±35M). This observed weak interaction between 
K48-linked Ub2 and UBA2 at pH 4.5 is similar to what previously reported at neutral 
pH [69, 76]. All these results indicate that the Ub1 and UBA2 interaction at pH 4.5 is 


























4.3 Interaction of UBA2 and Ub2 at pH 4.5 
The UBA2 not only binds to K48-linked Ub2 (natively adopts a closed 
conformation) but also binds to K63-linked Ub2 (natively adopts an open 
conformation) at neutral pH. The interaction between UBA2 and K63-linked Ub2 is 
much weaker than that between UBA2 and K48-linked Ub2 because the binding sites 














Fig 4.2 is showing the result of NMR studies of the interaction 
between Ub1 and UBA2 at pH 4.5. (A) Chemical shift 
perturbations in the individual amides in Ub caused by UBA2 
binding. (B) Chemical shift perturbations in the individual amides 
in UBA2 caused by Ub1 binding. Data in both (A) and (B) are at 
the endpoint in titration. (C) Representative titration curves 
(symbols) and their fit to a 1:1 binding model (curves) for 
selected amides in 15N-labeled UBA2 upon addition of Ub1. 
 


















for UBA2 on K63-linked Ub2 function as two independent binding sites whereas the 
binding sites for UBA2 on K48-linked Ub2 function as a single binding site for 
UBA2. In order to elucidate the binding mode between the open conformation of 
K48-linked Ub2 and UBA2, I performed NMR titration studies at pH 4.5 because 
K48-linked Ub2 adopt open conformation predominantly. In order to reduce the 
spectral complexity, I synthesized Ub2 which contains only one 
15N labeled domain in 
vitro with E1 and E2-25K (see Section 3.1.3 for more detail). 
The results of NMR titration studies of UBA2 and Ub2 are summarized in Fig 
4.3 (A) - (E). Unlike UBA2 binding to Ub1 (shown in Fig 4.2 (A) - (C) previously) 
and K63-linked Ub2 [69], the distal and proximal domain behaved differently upon 
titration by adding unlabeled UBA2. The proximal domain showed spectral 
perturbations in the hydrophobic patch in early titration points ([UBA2] / [Ub2] = 
0.1~1). The CSPs from proximal domain saturated at the [UBA2] / [Ub2] = 1. This 
suggests that UBA2 bind strongly to proximal domain with 1:1 stoichiometry. 
Although the Kd from fitting the stoichiometric binding curve is not reliable, it still 
provides a Kd value to compare with Kd from the UBA2-Ub1 titration. Fitting the 
titration curves (Fig. 4.3 (E)  yielded Kd values in the micromolar range (1.3 ± 0.9 
uM). The increase in the binding affinity for Ub2 is at least two order of magnitude 
compared to Ub1. Similar observations are also seen at neutral pH [6, 79]. This 
indicates that hHR23a UBA2 still retains its selectivity for the K48-linkage at acidic 
conditions. Unlike the proximal domain, the NMR titration studies of the distal 
domain showed very little changes at the beginning of titration. The CSPs of distal 




Ub2. The CSPs of distal domain do not reach saturation at the endpoint of titration 
([UBA2] / [Ub2] = 2.7). This suggests that UBA2 binding to the distal domain is 
significantly weaker than the binding to the proximal domain. Such differential 
UBA2 binding abilities for the distal and proximal domains in K48-linked Ub2 is 
fully consistent with the observation at neutral conditions (pH 6.8) [6]. On top of that, 
the perturbation from NMR amide signal of the isopeptide saturated at [UBA2] / 
[Ub2] = 1 (The isopeptide bond will be 
15N labeled only if the proximal domain of 
Ub2 is 
15N labeled). This indicated that the linker between the distal and proximal 
domains is directly involved in UBA2 binding. Although the distal domain showed 
little perturbation in early titration steps, the signals in distal domain such as T7 and 
V70 attenuated in early titration points and the NMR amide signals from I44 and the 
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Fig 4.3 NMR analysis of K48-linked Ub2 binding to UBA2 at pH 4.5. Spectral perturbations in backbone amides in the distal 
domain shown in (A) and (C) at [UBA2]/[Ub2]=1 and 2.7 respectively. The spectral perturbations proximal domain shown in 
(B) and (D) at [UBA2]/[Ub2]=1 and 1.32 respectively. (E) Representative binding curves for the proximal Ub (solid symbols) 
and the distal Ub (open symbols) upon UBA2 titration. The lines for the proximal-Ub data represent the results of fitting the 
data to a 1:1 binding model (assuming that binding to the distal Ub is negligible at these steps), while the lines for the distal 
data merely connect the data points. The dissociatin constant for the proximal Ub obtained from this fit was Kd =1.6 ± 0.9 uM 
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whereas it is totally opposite for transverse relaxation time T2. The transverse 
relaxation time of amide protons (1H T2) showed a decrease from ~50 ms for free Ub1 
to 28.5 ms for the Ub1/UBA2 complex. This agreed with the 1:1 stoichiometry of 
binding. In the NMR titration studies with 15N UBA2, the 1H T2 decreased from ~25 
ms for free Ub2 to 16.8 ms for UBA2/Ub2 complex at the 1.1:1 molar ratio. This 
suggests that one UBA2 molecule is bound to Ub2 at acidic pH. The longitudinal 
15N 
relaxation time (T1) measured from the 
15N distal Ub2 at the endpoint of titration 
([UBA2] / [Ub2] = 2.7) increased from 699±38 ms (for the free Ub2) to T1=961 ± 49 
ms. The expected molecular weights of 1:1 and 2:1 UBA2:Ub2 complexes are 23.2 
and 29.2 kDa respectively. The T1 measured at the endpoint of titration (molar 
ratio=2.7) is 961 ± 49 ms. The calculated molecular weight of the UBA2/Ub2 
complex from the T1 is 26 ± 2 kDa [6]. This indicates that more than one UBA2 could 
bind Ub2 at acidic pH. The second UBA2 binding to the distal domain of K48-linked 
Ub2 was also observed in the previous NMR titration of Ub2/ BA2 at neutral pH [6]. 
 
4.4 Discussion 
First, I showed that the interaction of UBA2-Ub1 at acidic pH is similar to that at 
neutral pH. Ubiquitin is very stable from pH 2 to 10, however UBA2 seems to be 
unstable at acidic pH. I originally thought that the interaction may be affected by the 
change in pH (from 6.8 to 4.5). I was surprised that the change in pH (more than two 
pH units) does not significantly change the interaction of UBA2 with Ub1. This result 
may reveal that the interaction between UBA2 and Ub1 is mainly a hydrophobic 




allows me to explore the interaction of UBA2-Ub2 without worrying about the effect 
from pH change.  
The structures of K48-linked Ub2 determined by X-ray crystallography at pH 7.5 
and pH 4.5 represent open and closed conformations, respectively [80]. Ironically, the 
predominant conformations of K48-linked Ub2 in solution at neutral and acidic pH 
are closed and open conformations, respectively, as shown by NMR [1]. Although the 
structures of K48-linked Ub2 determined by X-ray and NMR at similar pH show 
different conformations, the closed conformation of Ub2 by X-ray at acidic pH agrees 
well with the one at neutral pH by NMR. The intrinsic flexibility of Ub2 allows it to 
adopt two states at the same pH in solution. It is also reasonable to treathe open 
conformation observed in the crystal structure as a single snapshot from the ensemble 
of probably many open conformations. From the open-conformation X-ray structure, 
it appears that the Ub hydrophobic patch is exposed to the solvent and available for 
binding to any ubiquitin binding protein.  
I also showed that the open state of K48-linked Ub2 is capable of binding the 
UBA2 domain of hHR23a in a similar sandwich-like mode as the closed state. Also 
the binding affinity between the open state of Ub2 and UBA2 is comparable to that 
between the closed state of Ub2 and UBA2. Furthermore, the UBA2 binding to the 
open state of Ub2 is much tighter than to Ub1 because the interaction with the linker 
region is involved. This indicates that UBA2 also retains its selectivity for K48 
linkage even at acidic pH (open state of Ub2) .  
I propose that the UBA2-Ub2 binding mode could be explained by a 




conformations coexisting in solution, including the open and closed states, a ligand 
such as UBA2 selects the open conformation to form the tightly-bound sandwich-like 
complex. At neutral pH, the open state is estimated to be about 15-20% populated 
[81]. Even though the open state is less populated at physiological pH, a fast 
equilibrium exchange within the conformational ensemble of Ub2 would shift the 
equilibrium toward open conformations, thus facilitating further UBA2 binding.  
The results and the model I proposed could explain why K48-linked Ub2 can 
bind to UBA2 when most of binding sites on Ub2 are not available and sequestered at 
pH 6.8. This study mainly focuses on open state of K48-linked Ub2. It would really be 
interesting, at least for me, to study the binding between UBA2 and the completely 




























Chapter 5: Roles of H68 in conformation exchange in Ub2 
5.1 Introduction 
Solution NMR studies showed that K48-linked Ub2 predominantly adopts a 
closed conformation at neutral pH. The inter-domain interface is formed by the 
hydrophobic patches from both domains of Ub2. The closed conformation is mainly 
stabilized by its inter-domain hydrophobic interaction. On the other hand, the open 
conformations of K48-linked Ub2 have no inter-domain interface and are predominant 
at acidic pH. In solution, the open and closed conformations of Ub2 coexist and 
interconvert. The pH can affect the equilibrium of the open and closed state of Ub2. I 
proposed that H68 is the key residue for opening the closed conformation based on 
several facts. 
First, there is only one histidine (H68) in ubiquitin which is also well 
conserved among eukaryotes. Second, H68 is located in the center of the canonical 
hydrophobic patch (L8, I44, and V70) which contributes to the stability of the closed 
conformation. Third, the side chain of histidine can carry a positive charge once it 
gets protonated at acidic pH, as shown in Fig 5.1. Forth, the general pKa value (about 
6) of histidine’s side chain is coincidentally in the range between pH 4.5 and 6.8.  
Last but not least, the distance between the side chains of two histidines from the two 
domains of Ub2 in the closed state is about 9 Å (PDB: 1AAR). The energy of 
repulsion between two domains is estimated to be about 9.44 kcal/mol in the closed 












5.2 Monitoring the pKa of H68 and distribution of open and closed 
states in Ub1 and Ub2 
5.2.1 Motivations 
Although the pKa of histidine’s side chain is generally about 6, the pKa of it 
in a protein could largely deviate from 6. NMR is an ideal tool and maybe the only 
method to measure any change in chemical environment of each residue including the 
change in the charge state of a side chain. I performed a series of 1H-15N SOFAST 
HMQC experiments to measure the pKa of histidine in Ub1 and Ub2 by targeting the 
signal (shown in Fig 5.1) from H68’s side chain (imidazole ring) directly. The result 
is shown in Fig 5.2.2. I also monitored the NMR signals of each amide signal (Ub1
and Ub2) from the protein backbone at various pH values. This allowed me to 
calculate the distribution of open and closed states by comparing the CSP between 
Ub1 and Ub2 at various pH values (see section 3.2.1). There are three specific aims in 
this study.  































Fig 5.1 The diagram represents the side chain 
of histidine. (A) and (D) represent the 
unprotonated side chain of histidine. (A) and 
(D) are tautomer forms of unprotonated side 
chain of histidine. (B) and (C) represent the 
protonated side chain of histidine. (B) and (C) 
are resonance structures of protonated side 
chain of histidine. I performed the HSQC 
experiments which focuses on the proton 
circled in red. This proton does not easily 




2: Is there a large difference in pKa of the H68 side chain between Ub1 and Ub2?  
3: What is the pH when the populations of K48-linked Ub2 in open and closed states 
are equal? Is this pH similar to the pI of ubiquitin or pKa of H68 side chain? 
  
5.2.2 The distribution of open and closed states of Ub2 and the pKa of H68 
in Ub1 and Ub2  
There was a technical issue for me to detect the signal of H68’s side chain 
using NMR. The folded-in peaks from backbone amides interfere with the signals 
from H68’s side chain in the SOFAST HMQC spectrum. I had tried several ways to 
avoid folded-in peaks from backbone amides including using 99% D2O instead of 5% 
D2O (for lock purpose in NMR). I found that the signals from backbone amides can 
be suppressed by using 99% D2O because the proton of amide 
1H-N will exchange 
into 2H-N, hence become invisible in the 1H NMR spectrum. Although this solution 
was practical and used extensively, it also created several inconveniences such as the 
conversion of pD to pH and in preparation of NMR samples for these experiments 
which required lyophilization. I overcame the problem by greatly increasing the 
spectral width in the nitrogen dimension in 1H-15N SOFAST HMQC experiments so 
that the peaks from backbone amides stayed where they should be instead of folding 
in and did not interfere with the signal of H68’s side chain. The only drawback of this 
method was that I had to increase the number of increments in the nitrogen dimension 
to achieve a reasonable resolution. The estimated time for a typical SOFAST HMQC 




0.5 mM sample, which is acceptable and realistic. The result of this experiment is 













Originally, I thought that the histidine in Ub2 may have a higher pKa than the 
histidine of Ub1 because Ub2 had a second ubiquitin domain compared to Ub1. If the 
presence of a second ubiquitin domain – through the interdomain contact – blocks the 
histidine from access to the solvent, the pKa of histidine in Ub2 should be higher than 
in Ub1. From the results, I concluded that there is no major difference in the pKa of 
histidine between Ub1 and Ub2 as shown in Fig 5.2.2 (A). I also showed that the pKa 
of H68’s side chain in ubiquitin is about 5.5 which is similar to the pKa of free 
histidine. This indicated that the solvent accessibility of H68’s side chain in Ub2 is 
not blocked by the presence of the second ubiquitin domain. This result strongly 
supports that the open and closed conformations of Ub2 are inter-exchangeable.  







































(C) (A) (B) 
Fig 5.2.2 NMR of the signals of H68’s side chain. In (A), Y axis is normalized proton chemical shift. The pKa of H68 in 
Ub1 (shown in black) is 5.565 (5.524~5.606) and the pKa of H68 in Ub2 (shown in red) is 5.478(5.421~5.535). In (B), the 
blue curve represents the fitting curve of NMR signals from H68’s side chain in Ub2 same as the red curve in (A). The 
black squares and red circles represent the NMR signals of amide protons from residues Thr7 and Val70 in Ub2 
respectively (the normalized combined CSP between Ub1 and Ub2 is shown on Y axis). The 50% Ub2 adopting the open 
conformation happens at pH 6.074 (5.859~6.290) and 6.189 (6.003~6.375) for residues Thr7 and Val70, respectively. (C) 
is the overlay of NMR spectrum of the H68’s side chain at different pH to show how the NMR signal from H68’s side 




I also calculated the distribution of the open and closed conformations by 
monitoring the amide signals of Ub2 and Ub1. The result, as shown in Fig 5.2.2 (B), 
shows that 50% of Ub2 adopts the open conformation at pH 6. If I compare this pH 
value with the pKa (5.5) of H68’s side chain, there is a 0.5 pH unit increase. Here, I 
want to point out that 50% of H68’s side chains are protonated (positive-charged) at 
pH = pKa. If histidine is the only factor for opening the closed conformation, I would 
not be able to observe a 0.5 pH unit increase. In fact, if I check the distribution of the 
open conformation at pH 5.5 in Fig 5.2.2 (B), nearly 75% of Ub2 adopts the open 
conformation. It is reasonable to hypothesize that there are other factors nd 
repulsions besides point-to-point charge repulsion which is the result of positive 
charges on H68’s side chains in the two domains. I think other repulsions such as 
bulk-charge field repulsion may contribute to the force for opening the closd 
conformation.  
If I take the point-to-point charge interaction into consideration, about 10% of 
histidine side chains are charged at pH6.56 according to Fig 5.2.2 (A), so that the pH 
for equally-populated open and closed states of Ub2 should be higher than 6.56. In 
fact, open and closed states of Ub2 are equally-populated at pH 6 according to 
Fig5.2.1B instead of pH 6.56. It is reasonable to hypothesize that it is the inter-
domain hydrophobic interactions that bring the pH from 6.56 to 6 because the 
structure of the closed conformation (PDB:1AAR ) shows that the inter-domain 
interface is mainly stabilized by the hydrophobic interaction between two ubiquitin 
domains. Based on the facts above, I proposed that there are at least three major 




charge field effect (bulk charge of ubiquitin), point-to-point charge effect (the point 
charge on the side chain of histidine) and inter-domain hydrophobic interaction. I will 
further examine these interactions in following sections.  
 
5.3 The effect of H68 mutations on open and closed states of Ub2 
5.3.1 Introduction 
H68 is located in the inter-domain interface of closed conformation Ub2. If a 
side chain of histidine is protonated, it will carry a positive charge. In my hypot esis, 
the electrostatic repulsion between the positive charges on the side chains of the two 
histidines will destabilize the closed conformation and force it to open. The shift from 
open state to closed state in Ub2 was observed between pH 4.5 and 6.8 in previous 
NMR studies. The pKa of H68 in ubiquitin measured (about 5.5) falls in the range 
between pH 4.5 and 6.8. This implies that the distribution of open and closed 
conformations is highly correlated with the charge state of histidine side chains. I 
removed the positive charge on the histidine side chain by mutating H68 to H68A, 
H68V, H68F, and H68Y. I need to clarify the naming system to avoid 
misunderstanding. The Ub2 constructs having H68 mutations in both domains are 
named double mutants, such as H68A double mutant, H68L double mutant, H68F 
double mutant, and H68Y double mutant. The Ub2 constructs having the H68 
mutation in only one of two domains are named half mutants. For example, the distal 
half H68Y mutant of Ub2 means that the H68Y mutation only exists in distal domain 




5.3.2 H68A double mutant 
The result of H68A double mutant in Fig 5.3.2 showed there is no inter-
domain interface formed at both neutral and acidic pH. This suggested that the H68 
residue may be important for the integrity of the hydrophobic patch. However, H68 is 
not considered a key residue for maintaining the integrity of the Ub hydrophobic 
patch and the H68A mutation i vivo is not a lethal mutation in yeast [65]. 
Furthermore, H68A mutation does not affect ubiquitin chain synthesis in v tro. To my 
surprise, all these facts suggest that H68A should be a mild mutation for ubiquitin but 
the H68A mutant lost the ability to form the inter-domain interface. If I compare 
alanine with histidine, the side chain of alanine is much smaller than that of his idine. 
The replacement of histidine with alanine may create a large cavity around esidue 68 
if there is no structural rearrangement. In order to stabilize the structure, the ubiquitin 
should undergo local structural rearrangement around residue 68 to minimize the 
cavity which could disrupt the integrity of the hydrophobic patch in the H68A double 
mutant. It is known that the mutations in hydrophobic patch residues can disrupt the 
hydrophobic patch such as L8A, I44A, and V70A [82]. The current study is the first 
time that H68 was found to be important for maintaining the integrity of the 
hydrophobic patch. I proposed that the integrity of the hydrophobic patch will be 
restored if I increase the size of the side chain at residue 68 using H68V, HF, or 

















5.3.3 H68V and H68L double mutants 
When I increased the length of side chain at residue 68 by mutating H68 to 
H68V,  H68L, H68F, and H68Y, the interface between the two domains at pH 6.8 
gradually restored among those mutants (as shown in Fig 5.3.3 (A), Fig 5.3.3 (C),  
Fig 5.3.4 (A) and Fig 5.3.5(A) ). The result for the H68V mutant in Fig5.3.3A 
suggests that the side chain of valine is large enough to prevent hydrophobic patch 
packing from forming a large cavity in it so that the change of hydrophobic patch
packing is greatly reduced and the inter-domain interface of Ub2 is formed at neutral 
pH. The H68V double mutant showed that the size of the H68’s side chain is crucial 
for maintaining the integrity of hydrophobic patch packing and also the side chain of 
valine is large enough to avoid disruption of proper hydrophobic packing at neutral 





pH 4.5 pH 6.8 












Fig 5.3.2 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For H68A double mutant Ub2, the distal domain contains K48R and 
H68A mutations and the proximal domain contains H68A and D77 mutations. Only the proximal domain is 
15N-labeled The cartoon of top represents the Ub2 construct used in this study. The mutations in H68 for each 
Ub unit are indicated. The Ub unit (in this case proximal) that is 15N-labeled is colored red. A similar 
schematics is used in the subsequent figures, where applicable. 
(A) (B) 















similar phenomenon as H68V. The results for H68F and H68Y double mutants also 



















If one looks at the result for H68V double mutant at acidic pH, one may be 
puzzled why most Ub2 adopts the open conformation since there is no point-to-point 
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Fig 5.3.3 The CSP between Ub1 and Ub2 at pH 6.8 and pH 4.5 is shown as (A)(C) and (B)(D) respectively. 
For H68V double mutant and H68L double mutant are shown as (A)(B) and (C)(D) respectively. The distal 
domain contains K48R and H68V/H68L mutations and the proximal domain contains H68V/H68L and D77 
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charge field effect between the two ubiquitin domains. As I mentioned earlier, the 
ubiquitin can carry a bulk positive charge at acidic pH because the pI of ubiquitin is 
6.56. I think the bulk charge field effect is stronger than the inter-domain 
hydrophobic interaction in the case of H68V and H68L double mutant at acidic pH. I 
proposed the inter-domain hydrophobic interaction will overcome the bulk charge 
field effect at acidic pH and bring Ub2 to form a closed conformation at acidic pH if I 
further increase the size of the side chain at residue 68 since the size of the valine or 
leucine side chain in is still much smaller than histidine’s.  
 
5.3.4 H68F and H68Y double mutant 
In the result of H68F and H68Y double mutant at acidic pH as shown in Fig
5.3.4 (B), Fig 5.3.5 (B) and Fig 5.3.6 (B), most Ub2 of H68F and H68Y double 
mutant can adopt the closed conformation at acidic pH. This shows that the inter-
domain hydrophobic interactions of H68F and H68Y double mutant are stronger than 
the bulk charge field effect so that they can bring the two ubiquitin domains together 
to form a closed conformation at acidic pH. I think this is reasonable because the size 
of the side chain in histidine, phenylalanine, and tyrosine are comparable. Unlike the 
H68V mutant, these mutations (H68F and H68Y) would not create a large cavity 
around residue 68 which could undermine the integrity of hydrophobic patch packing. 
Furthermore, if you compare the magnitude of CSPs in H68Y double mutant with 
other double mutants, you may be surprised by the magnitude of CSPs in H68Y 
double mutant because they are much greater than for any other mutants. Although 




domain interaction, it is still a good indication of that. I showed that the H68F and 
H68Y mutants may have nearly the same (H68F) or even better (H68Y) hydrophobic 
patch packing for inter-domain hydrophobic interaction. The NMR relaxation data 
supports that the H68Y double mutant forms a more rigid (tighter) closed 













































Fig 5.3.4 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For H68F double mutant Ub2, the distal domain contains K48R and 
H68F mutations and the proximal domain contains H68F and D77 mutations. Only proximal domain is 15N-
labeled. 
(B) (A) 


























Fig 5.3.5 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For H68Y double mutant Ub2, the distal domain contains K48R and 































5.3.5 Relaxation data of H68Y double mutant 
 From NMR R1 and R2 relaxation data of H68Y double mutant Ub2, oth 
domains of H68Y double mutant have a lower R1 and higher R2 compared to wild 
type at neutral and acidic pH. In general, a protein with a lower R1 and higher R2 has 
larger molecular weight or the larger volume however this is not true in this case 
based on two facts. First, the H68Y double mutant of Ub2 has an almost identical 
molecular weight to wild type Ub2. Second, the H68Y double mutant of Ub2 forms a 
closed conformation at both acidic and neutral pH based on CSP data (Fig 5.3.5 and 
5.3.6). Furthermore, the closed conformation of H68Y double mutant and wild type is 
very similar because the CSPs between both H68Y double mutant and wild type Ub2 
with their respective Ub1 are very similar. I proposed that the H68Y double mutant 
with a lower R1 and higher R2 results from the H68Y double mutant Ub2 forming a 
more rigid closed conformation than wild type. The significantly larger CSPs 
























Fig 5.3.6 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For H68Y double mutant Ub2, the distal domain contains K48R and 





























5.3.6 Interaction of H68Y and H68F double mutants with UBA2 
 I confirmed that both H68Y and H68F can form the closed conformation at 
neutral pH and acidic pH in the earlier section. Although these mutations do not 
interfere with the recognition of E1 and E2-25K conjugating enzyme, judging by the 
fact that chain synthesis is not reduced, their recognition of other ubiquitin binding 
Fig 5.3.7 The comparisons of R1 and R2 between H68Y double mutant and wild type Ub2. (A) and (C) are the 
comparisons of R1 at pH 6.8 and 4.5 respectively. The proximal and distal domains of wild type Ub2 are showed 
in yellow and blue respectively. The proximal and distal domains of H68Y double mutant Ub2 are showed in 
green and red respectively. (B) and (D) are the comparisons of R2 at pH 6.8 and 4.5 respectively. The proximal 
and distal domains of wild type Ub2 are showed in red and blue respectively. The proximal and distal domains of 




































































proteins are still unknown. I performed titration of 15N labeled H68F double mutant 
with UBA2 in order to examine the recognition at acidic pH, as shown in Fig 5.3.8 
(A). The titration of UBA2 and wild type Ub2 at acidic pH, detailed in chapter-4, 
provides a good reference to compare. The results show that the Ub2 of the H68F 
double mutation retains its recognition of UBA2. Interestingly, during the titration, 
there are more residues attenuated in H68F double mutant compared to those in wild 
type (Fig 4.3 (D)). The UBA2 binds to Ub2 of H68F double mutant in a similar 
“sandwich like” mode because I found that the C-terminal residues in the distal 
domain are involved in binding (distal domain data is not shown). 
 I also performed titration of 15N labeled H68Y double mutant with unlabeled 
UBA2 at neutral pH to study the interaction between H68Y double mutant and UBA2. 
The results show that the Ub2 of the H68Y double mutation retains its recognition of 
UBA2. In Fig 5.3.8 (B), it clearly showed that the UBA2 binds to Ub2 of H68Y 
double mutant via the canonical hydrophobic patch in the distal domain. Furthermore, 
the C-terminal residues of the distal domain also showed strong attenuations 
































Fig 5.3.8 the titration results of H68F and H68Ydouble mutant. (A) shows the binding between 15N 
labeled proximal domain of H68F double mutant and UBA2 at pH 4.5. (B) shows the binding between 
15N labeled distal domain of H68Y double mutant and UBA2 at pH 6.8. The residues which are 





5.4 The single-charge effect on open and closed conf rmations of Ub2  
5.4.1 Introduction 
In section 5.3, I showed that H68 is important for the open and closed 
conformations. The results of the H68Y and H68F double mutants clearly showed 
that if there is no point-to-point charge repulsion in Ub2 such as H68F and H68Y 
double mutants, the Ub2 of these mutants can adopt a closed conformation even at 
acidic pH because the hydrophobic interactions between the two domains of H68Y 
double mutant are capable of overcoming the bulk charge field repulsion at acidic pH. 
It is interesting to examine the effect of point-to-bulk charge repulsion by using half 
H68Y mutants. In the half H68Y mutants of Ub2, only one H68Y mutation exists in 
Ub2 for example the distal half H68Y mutant Ub2 contains K48R and H68Y 
mutations in distal domain and only a D77 mutation in proximal domain. The 
ubiquitin domain that contains the H68Y mutation will lose its positive charge on the 
side chain at residue 68 but it still can carry a bulk positive charge at acidic pH. On 
the other hand, the wild type domain retains its positive charge on the H68 side chain. 
 
5.4.2 Half H68Y mutants and the point-to-bulk charge repulsion 
The results from half H68Y mutants showed that it could form the inter-
domain interface at neutral pH but the interface is disrupted at acidic pH (as shown in 
Fig 5.4.1, 5.4.2, 5.4.3 and 5.4.4)  The Ub2 of the half H68Y mutant behaved like wild 
type Ub2. No matter if the histidine only exists in either the distal or proximal 




pH and shift to an open conformation at acidic pH. This finding shows the point-to-
















































Fig 5.4.1 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For this H68Y half mutant Ub2, the distal domain contains K48R and 
H68Y mutations and the proximal domain contains only D77 mutation. Only proximal domain is 15N-labeled. 
(B) (A) 


























Fig 5.4.2 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50 mM NaAc buffer shown as (B). For this H68Y half mutant Ub2, the distal domain contains K48R and 




























































Fig 5.4.3 The CSP between Ub1 and Ub2 at pH 6.8 with 20 mM phosphate buffer is shown as (A) and pH 4.5 
with 50mM NaAc buffer shown as (B). For this H68Y half mutant Ub2, the distal domain contains only K48R 
mutation and the proximal domain contains H68Y and D77 mutation. Only proximal domain is 15N-labeled. 
(B) (A) 


























Fig 5.4.4 The CSP between Ub1 and Ub2 at pH 6.8 with 20mM phosphate buffer is shown as (A) and pH 4.5 
with 50mM NaAc buffer shown as (B). For this H68Y half mutant Ub2, the distal domain contains K48R 
















5.5 Exploring the salt effects on the half H68Y mutant and wild type 
of Ub2 
5.5.1 Introduction 
It is very clear that the charge repulsion served as the driving force for Ub2 to 
open the closed conformation. In order to examine the strength of this charge 
repulsion, I put wild type and the half H68Y mutant of Ub2 in high salt condition to 
test if high salt could screen these charge repulsions including point-to-bulk and 
point-to-point charge repulsions. A well-known issue with NMR is that samples with 
high salt concentrations will significantly increase the pulse length which can prohibit 
their uses in NMR. In general, a sample with 200 mM salt concentration can easily 
drive the proton 900 pulse length to 16 us and more, however, a proton 900 pulse 
length for a normal NMR sample with 20-50 mM salt is about 9-12 µs.  In order to 
avoid this problem, one can use a shape tube or a thinner NMR tube (3 mm in 
diameter) to perform NMR experiments.  
 
5.5.2 The salt effects on half H68Y mutant and wild type at 0.5 M and 1 M 
NaCl 
I found that the half H68Y mutant of Ub2 can form the closed conformation at 
pH 4.5 with high salt (0.5 M NaCl), as shown in Fig 5.5.2 and Fig 5.5.3, however, the 
wild type Ub2 only showed marginal CSPs at these conditions. This suggests that 
point-to-bulk charge repulsions can be screened by 0.5 M NaCl. On the other hand, 




strong that even 1 M NaCl could not screen them. These results support my 
hypothesis that it is very unfavorable for Ub2 to adopt a closed conformation at acidic 
pH because the two positive point charges are close to each other in space. From 
these results I conclude that the point-to-point charge repulsion is the strongest charge 
repulsion because even 1 M NaCl is not enough to screen it. Although the point-to-
bulk charge repulsions are weaker than point-to-point charge repulsion, they are still
strong enough to open the closed conformation at acidic pH, based on the results from 
half H68Y mutant at low salt condition. Although the bulk charge field repulsions are 
the weakest repulsions, they also contribute to the force needed to open the closed 







































Fig 5.5.2 The CSP between Ub1 and Ub2 at pH 4.5 with 50 mM NaAc buffer plus 0.5 M NaCl and 1 M NaCl 
are shown in (A) and (B) respectively. For this H68Y half mutant Ub2, the distal domain contains only K48R 




















5.6 The structure of half H68Y mutant Ub2 at pH 4.5 with 0.5 M 
NaCl  
Although the structure of PDB: 1AAR clearly defines the closed conformation 
of Ub2 and the data from solution NMR at neutral pH agrees well with it, the 
available open conformation structures were solved by X-ray crystallography and 
they may not represent the full picture of the open conformation in solution. Unlike 
the closed state of Ub2, the open state is an ensemble of open conformations which is 
defined by no inter-domain interface between two domains. The intrinsic flexibility 
of Ub2 in the open state may cause difficulties to obtain “the structure in the open 
state” of Ub2. I had tried to obtain an average structure of the open state for wild type 
Ub2 at acidic pH by using RDCs, but the initial attempt was unsuccessful. I knew that 
the half H68Y mutant of Ub2 can form the closed conformation at acidic pH with 
high salt so that it is highly possible to obtain the closed conformation structure. 

























Fig 5.5.3 The CSP between Ub1 and Ub2 at pH 4.5 with 50 mM NaAc buffer plus 0.5 M NaCl and 1 M NaCl 
are shown in (A) and (B) respectively. For this wild type Ub2, the distal domain contains only K48R mutation 










Since this structure will not be as stable as wild type in neutral pH because there are 
bulk-to-bulk and point-to-bulk charge repulsions that exist between the two domains. 
This structure can be treated as the pre-open conformation of Ub2 which serves as an 
intermediate structure between the open and closed conformations.  
I performed HADDOCK 2.1 structural calculations by using the constraint of 
RDCs and CSPs to generate the NMR model which is shown in Fig 5.6.1 (A). The 
calculated structure agreed well with RDCs (correlation coeffici nt = 0.998 and χ2 = 
0.024) and had a RMSD (root-mean-square deviation) for the overall lowest-energy 
structure of 0.8  0.5. When I aligned this Ub2 structure with PDB: 1AAR by 
fixing the distal domain, I observed a 30-degree rotation in proximal domain. If this 
structure represents the pre-open conformation, it is clear that the Ub2 will open by 
twisting instead of directly pulling away (see Fig 5.6.2). It is also highly possible for 






































Fig 5.6.1 The NMR model of pre-open state. (A) and (B) show the overlay of 1AAR and pre-open state Ub2 
structure. NMR model of pre-open state and 1AAR are shown in pink and green respectively. This NMR 
model has a RMSD of the overall lowest energy structure (0.8 +/- 0.5A). (C) and (D) show that the NMR 
model agrees well with RDCs.  















Fig 5.6.2 The proposed mechanism of opening the closed conformation of Ub2. (A) and (B) are the front and 
bottom view of a closed conformation Ub2. The (C) and (D) present pre-open state and fully-open state of Ub2 
respectively. The closed state of Ub2 can undergo two-steps pathway including twisting step  (B) to (C) or one 







I have shown that there is no major difference in the pKa of histidine between 
Ub1 and Ub2 in Fig5.2.2 (A). I also showed that the pKa of histidine’s side chain in 
ubiquitin is about 5.5, which is similar to what was reported previously [83]. I also 
showed that the solvent accessibility of H68’s side chain in Ub2 is not blocked by the 
presence of the second ubiquitin domain. The result, as shown in Fig 5.2.2 (B), 
indicates that the open and closed states are equally populated at pH 6. I showed that 
there are at least four major interactions to control the distribution of the open and 
closed states. They are bulk charge field repulsion, point-to-point charge repulsion, 
point-to-bulk charge repulsion, and inter-domain hydrophobic interaction.  I 
concluded that the point-to-point charge repulsion is the strongest and the point-to-
bulk charge repulsions are weaker than point-to-point charge repulsion and the bulk 
charge field repulsions are the weakest repulsions. I revealed the bulk charge field 
repulsion between the two ubiquitin domains by using H68V double mutant. This 
weak bulk charge field repulsion contributes the force for opening the closed 
conformation. I also showed, using half H68Y mutant, that the point-to-bulk charge 
repulsions are sufficiently strong to open the closed conformation. The point-to-bulk 
charge repulsions can be minimized by 0.5 M NaCl but the point-to-point charges 
repulsions are too strong to screen them even by 1 M NaCl. I found that the H68 
residue is important to maintain the integrity of the hydrophobic patch. I also showed 
that the H68Y double mutant can form a more rigid closed conformation than wild 
type ubiquitin by NMR relaxation data and the significantly larger CSPs observed in 




show the Ub2 of double mutants retain a similar “sandwich like” binding mode. I also 
showed that the half mutant behaved like wild type Ub2. I was able to calculate the 
NMR model of the pre-open state of Ub2 by using RDCs and CSPs. If the structure of 
half H68Y mutant at acidic pH with high salt represents the pre-open conformation, it 
is clear that the closed conformation of Ub2 will be opened by twisting instead of 
pulling away. The half H68Y mutant has weaker electrostatic repulsion than wild 
type ubiquitin at acidic pH condition. On top of that, I also put half H68Y mutant at 
high salt condition to shield/screen the electrostatic repulsion between two domains. 
Putting half H68Y mutant in high salt condition may also strengthen the hydrophobic 
interaction between two domains. All of these factors above allow me having a stable 
pre-open state to obtain the structure of it. This structure of pre-open state suggests 
that Ub2 adopt pre-open conformation before fully-open states. This pre-open state is 







Chapter 6: The hydrogen-deuterium (H-D) exchange studies 
of Ub2 and Ub1 at pH5.5 
6.1 Introduction 
Amide hydrogens in the protein backbone can exchange with protons from 
water in solution. The half-times of the amide hydrogen exchange can range fom 
seconds, minutes, and days and even years. The residues involved in a hydrogen bond 
or that are buried in the core of the protein will show a slower exchange rate. In H-D 
exchange experiments, the backbone amide H-D exchange is monitored by a series of 
1H-15N SOFAST HMQC spectra after a rapid change of solvent (from H2O to D2O). 
The H-D exchange experiments can be started by using various techniques such a re-
dissolving a lyophilized sample in D2O or diluting a sample into D2O. I tried both 
ways and found that the dilution method give me a more stable result.  
The ubiquitination was proposed to have a role in partially unfolding a 
substrate. The K48-linked Ub2 can be used as a mimic of a mono-ubiquitinated Ub1 
see Fig 6.1 for detail. In this mimic, the proximal and the distal domains of Ub2 can 
be treated as a substrate and an ubiquitin which is ligated to the substrate, respectiv ly. 
If ubiquitination indeed unfolds and destabilizes the substrate, the H-D exchange rate 
of an ubiquitinated substrate will be faster than the rate of a free substrate. In other 
words, I should be able to observe a faster H-D exchange rate in the Ub2 proximal 
domain compared to Ub1. I also expect to find that the H-D exchange rate between 










6.2 The results of H-D exchange at pH 5.5 
 The selected results were processed and shown in Fig 6.2. The full results are 
in Appendices. The residues showing the faster exchange rates for distal of Ub2 than 
Ub1 are 31, 32, 34, 35, and 36 and they are localized in the end of a long helix as 
shown in Fig 6.3. Both distal and proximal domains of Ub2 show a slower exchange 
rate than Ub1 at residue 48. Most residues showed the similar exchange rates among 
Ub1 and Ub2. The results indicated that the residues in the end of the helix in the 
distal domain are destabilized by ubiquitination. In other words, the result suggests 
that ubiquitination destabilizes ubiquitin itself instead of the substrate. This 











































Fig 6.2 The results of H-D exchange. (A) and (B) represent r sidues 31 and 48 respectively. The curves 
colored in black or green represent the data from proximal and distal domain of Ub2 respectively. The curves 






= 1st ubiquitin = substrate 
Fig 6.1 represents the K48-linked Ub2. It 
can be used as a mimic of mono-
















Fig 6.3 The residues affected by 
ubiquitination. The structure of PDB:1AAR 
is shown in green. The residues showing 
faster exchange rates than Ub1
in red. The residues showing slower
exchange rates than Ub1 are colored in blue. 
The distal and proximal domains are shown 
in left and right respectively. 
 
 





Chapter 7: The dynamics of K48-linked Ub2 in an anchored 
form  
7.1 Introduction 
After the polyUb chains are ligated to a substrate, the polyUb chains will be 
recognized by their binding partners. The interactions between free polyUb chains 
and their binding partners have been extensively explored in the past; however no one 
used NMR to monitor the change in the interaction between substrate-ligated polyUb 
chains and their binding partners. 
 A K48-linked Ub3 can be used as a mimic of a substrate-ligated Ub2. In this 
mimic, the two most distal domains of ubiquitin are wild type ubiquitins but the most 
proximal domain contains L8A and I44A mutations. Since the L8A and I44A 
mutations are shown to disrupt the hydrophobic patch interactions, the most proximal 
domain cannot form an interface with other ubiquitins in this Ub3 construct. 



















domain = Proxi.of Ub2 
Fig 6.1 represents the K48-linked Ub3. It 
can be used as a mimic of a substrate-
ligated Ub2. The most distal domain of 
Ub3 is equivalent to the distal domain of 
Ub2. The middle domain of Ub3 is 
equivalent to the proximal domain of 
Ub2. The most proximal domain of Ub3 is 







7.2 The results 
The results from Fig 7.2.5 show that there is no interaction between the 
substrate domain and other domains of Ub3. This confirmed that it is reasonable to 
assume that the property of the ubiquitin with L8A and I44A is similar to the 
substrate which does not interact with other ubiquitins. The results from Fig 7.2.1, Fig 
7.2.2, Fig 7.2.3, and Fig 7.2.4 show that the substrate-ligated Ub2 behaves like free 
Ub2 because it can adopt the open and closed conformations at acidic and neutral pH 
respectively. There is no major change in dynamics. The results from Fig 7.2.6 also 









































Fig 7.2.1 The CSP between Ub1 and Ub3 at pH 6.8 with 20 mM Sodium Phosphate buffer is shown in (A) 
and pH 4.5 with 50 mM Sodium Acetate buffer is shown in (B). In this Ub3 construct, all linkage is K48-
linked. The distal domain of Ub3 contains only K48R mutation and the proximal domain has no mutation. 
The substrate which is Ub contains L8A, I44A and D77 mutation. Only distal domain is 15N-labeled. 
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Fig 7.2.2 The CSP between Ub2 and Ub3 at pH 6.8 with 20 mM Sodium Phosphate buffer is shown in 
(A) and pH 4.5 with 50 mM Sodium Acetate buffer is shown in (B). In this Ub3 construct, all linkage 
is K48-linked. The distal domain of Ub3 contains only K48R mutation and the proximal domain has 
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Fig 7.2.3 The CSP between Ub1 and Ub3 at pH 6.8 with 20 mM Sodium Phosphate buffer is shown in 
(A) and pH 4.5 with 50 mM Sodium Acetate buffer is shown in (B). In this Ub3 construct, all linkage 
is K48-linked. The distal domain of Ub3 contains only K48R mutation and the proximal domain has 
no mutation. The substrate which is Ub1 contains L8A, I44A and D77 mutation. Only proximal 
domain is 15N-labeled. 








































Fig 7.2.5 The CSP between Ub1 and Ub3 is measured at pH 6.8 with 20 mM sodium phosphate buffer. In 
this Ub3 construct, all linkage is K48-linked. The distal domain of Ub3 contains only K48R mutation and 
the proximal domain has no mutation. The substrate which is Ub1 contains L8A, I44A and D77 mutation. 
Only the substrate domain is 15N-labeled. 
 



























Fig 7.2.4  The CSP between Ub2 and Ub3 at pH 6.8 with 20 mM Sodium Phosphate buffer is shown in (A) 
and pH 4.5 with 50 mM Sodium Acetate buffer is shown in (B). In this Ub3 construct, all linkage is K48-
linked. The distal domain of Ub3 contains only K48R mutation and the proximal domain has no mutation. 
The substrate which is Ub1 contains L8A, I44A and D77 mutation. Only proximal domain is 15N-labeled. 
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Fig 7.2.6 The CSPs upon the titration of UBA2 are shown in red. The residues shown in vertical grey bar 
represent the signals are strongly attenuated. (A) shows 15N-labeled distal domain of substrate-attached 






Chapter 8: Studies of the most proximal domain in K48-
linked Ub5 and of OTU1’s binding surface on Ub2 
8.1 The penta-ubiquitin (Ub5) 
The K48-linked tetra-ubiquitin structures are available by NMR and X-
ray[84-86]. In the following I call the most distal domain as the 1st ubiquitin and, 
correspondingly, the most proximal domain as the 4th ubiquitin. In one of the Ub4 
structures, the 1st ubiquitin forms an interface with the 2nd ubiquitin and the 3rd 
ubiquitin could form an interface with the 4th ubiquitin at neutral pH. In another Ub4 
structure, the 1st ubiquitin forms an interface with the 3rd ubiquitin and the 2nd 
ubiquitin forms an interface with the 4th ubiquitin at neutral pH. It would be 
interesting to determine if the 5th ubiquitin could interact with other ubiquitins.  
It is time-consuming to synthesize selectively labeled Ub5 in a traditional way 
because it involves  several steps to de-block K48C and D77 as mentioned in [68]. I 
made the most proximal domain labeled in Ub5 by mixing the unlabeled K48R Ub1, 
unlabeled K48-linked wild type Ub3 and 
15N labeled D77 Ub1. The unlabeled Ub3 can 
be easily synthesized by using only unlabeled wild type Ub1 in chain synthesis in 
vitro. The products of that will be Ub2, Ub3, Ub4, and longer. They can be separated 
by gel filtration column chromatography. The results in Fig 8.1 show that the most 
proximal of Ub5 could form the inter-domain interface with another ubiquitin in Ub5















8.2 Elucidating the OTU1 binding surface on Ub2 
Otubain 1 is a cysteine deubiquitinating enzyme (DUB) and is highly linkage-
specific for K48-linked polyUb with no activity detectable for K6, K11 and K29-
linked polyUb. The cleavage is not limited to either end of a polyubiquitin chain. 
Both free and substrate-ligated polyUb can be degraded into Ub1. I used unlabeled 
Otu1 and 15N labeled K48-linked Ub2 to map the Otu1 binding surface on Ub2. The 
Otu1 used in NMR titration studies was inactive to avoid cleavage during titration by 
mutating the active site cysteine. The Otu1 variant was provided by Prof. Wolberger‘s 
lab. This study was published in 2009, JMB, 386(4): 1011-1023. [3] 
Otu1 binds the distal and proximal domains of Ub2 simultaneously via 
canonical hydrophobic patches on both ubiquitin domains. The titration results 
indicated the binding between Otu1and ubiquitin was in the slow exchange regime
because many peaks attenuated during the titration. The results are shown in Fig 8.2. 
 
























Fig 8.1 The CSPs between Ub1 and Ub5 is obtained at pH 6.8 with 20 mM sodium phosphate buffer. In 
this Ub5 construct, all linkages are K48-linked. Only the most proximal domain of Ub5 is 15N-labeled and 
contains only a D77 mutation. The most distal domain contains only a K48R mutation. (A) is the CSPs 
between Ub1 and most proximal domain of Ub5 . (B) is the CSPs between the proximal domain of Ub2 and 
















Chapter 9: Summary of my studies and future directions 
 
 I studied the open conformation of K48-linked ubiquitin chain recognition by 
the UBA2 of hHR23a which is a K48-specific receptor at acid pH. I found that the 
linkage specific feature and sandwich like binding mode are preserved in the open 
conformation. One of the main difficulties in this study was to overcome the 
instability of high concentration of UBA2 at acidic pH. My solution to it may help 
other research with similar problems. 
 I also found that the driving forces controlling the equilibrium between the 
open and closed conformations of K48-linked Ub2 are mainly electrostatic repulsions 
and hydrophobic interactions. The protonation state of H68’s side chain is crucial to 
Fig 8.2  NMR CSP maps of the human Otu1binding interface on the two domains in K48-linked Ub2. (A) Ub1 (B) distal 
domain of K48-linked Ub2; and (C) proximal domain of K48-linked Ub2. The CSP and signal attenuations at the endpoint 
of titration shows in upper panels and the middle panels show respectively. The lower panels show the cartoon 
representations of the binding surfaces on ubiquitin. The residues colored in orange have a ∆δNH >0.05 ppm and the 
residues colored in red show more than 60% attenuation. The figures are from published paper [3]. 




control the open and closed conformation exchange. This is the first time that H68 is 
found to play an important role in ubiquitin conformation exchange. H68V double 
mutant of K48-linked Ub2 revealed that the bulk charge field repulsion between two 
domains do play a role in opening the closed conformation of Ub2. H68Y and H68F 
double mutant of K48-linked Ub2 shows that the K48-linked Ub2 can remain adopting 
closed conformation at acidic pH condition if H68 is replaced by tyrosine or 
phenylalanine.  The fact that H68Y double mutant binds UBA2 at acidic pH like wild 
type diubiquitin indicates that H68Y mutation does not disrupt the Ub2 recognition of 
UBA2. Unlike previous attempts to lock Ub2 in closed state at acidic pH by using 
linker[87] or without linker[88] to make cyclic Ub2, I made this possible by 
alleviating electrostatic repulsion. This mutant can be used as a tool to study if the 
disassembly of K48-linked Ub2 by K48-specific DUBs (de ubiquitinating enzymes) is 
affected by the interactions between the two ubiquitin domains in Ub2. Overall these 
results highlight the complexity of intermolecular interactions that control the 
conformational equilibrium in a polyubiquitin chain and are likely responsible for the 
ability of these chains to act as versatile cellular signals. 
The half H68Y mutant of K48-linked Ub2 at high salt allowed me to capture 
the pre-open state of K48-linked Ub2. This pre-open state structure provides the clue 
to understand the opening the closed conformation. This finding suggests that the 
opening of closed conformation is through twisting instead of pulling away.  
 In H/D exchange experiment on diubiquitin, the proximal ubiquitin shows no 
major difference in stability from distal ubiquitin. The reason may be that the 




protein such as UBCH5b or use less stable protein such as ubiquitin with 
destabilizing core mutations such as I13S, I30S, L43A, L67S, or L69S ubiquitin 







The full results of H-D exchange experiments. The curves colored in black or green represent the data from 
proximal and distal domain of Ub2 respectively. The curves colored in red or blue represent the data of Ub1 in 
two separated experiments to ensure the reliability of H-D exchange experiment. Residue numbers are 
indicated on top of each plot. 
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The full results of H-D exchange experiments. The curves colored in black or green represent the data from 
proximal and distal domain of Ub2 respectively. The curves colored in red or blue represent the data of Ub1 in 
two separated experiments to ensure the reliability of H-D exchange experiment. Residue numbers are 

















































































































































The full results of H-D exchange experiments. The curves colored in black or green represent the data from 
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The full results of H-D exchange experiments. The curves colored in black or green represent the data from 
proximal and distal domain of Ub2 respectively. The curves colored in red or blue represent the data of Ub1 in 
two separated experiments to ensure the reliability of H-D exchange experiment. Residue numbers are 
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